We analyzed nuclear-localized plastid-like DNA (nupDNA) fragments in protozoa, metazoa and fungi. Most eukaryotes that do not have plastids contain 40Ð5000 bp nupDNAs in their nuclear genomes. These nupDNA fragments are mainly derived from repeated regions of plastids and distribute through the whole genomes. A majority of nupDNA fragments is located on coding regions with very important functions. Similar to plastids, these nupDNAs most possibly originate from cyanobacteria. Analysis of them suggests that through millions of years of universal endosymbiosis and gene transfer they may have occurred in ancient protists before divergence of plants and animals/fungi, and some transferred fragments have been reserved till now even in modern mammals.
Introduction
During endosymbiotic evolution, eukaryotic nuclear genomes have acquired numerous genes from the endosymbiotic organelles, which later evolved into the present chloroplasts and mitochondria (Kurland and Andersson, 2000; Martin et al., 2002) . The eukaryotes that contain chloroplasts latterly evolved into plants, and others are called protozoa, metazoa and fungi. However, by recent discoveries, this discrimination is not necessarily the case. Trypanosoma and Leishmania parasites contain several plant-like genes encoding homologues of proteins found in either chloroplasts or the cytosol of plants and algae, pointing to a secondary loss of chloroplasts in trypanosomes (Martin and Borst, 2003; Hannaert et al., 2003) . Two major apicomplexan parasites, Plasmodium falciparum, the infectious agent of malaria, and Toxoplasma gondii, which causes toxoplasmosis, were long known to contain an enigmatic organelle in their cytosol, called the hohlzylinder (apicoplast), which later was showed as a highly reduced chloroplast genome (McFadden et al., 1996) . Recently, Okamoto and Inouye (2005) described a flagellate "Hatena", which acquires plastid by an endosymbiosis. However, this plastid was 0939Ð5075/2007/0100Ð0123 $ 06.00 " 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D inherited by only one daughter cell. It is difficult to say whether it is an alga or a protozoon. All the phenomena imply that plastid symbiosis may more widely exist than we originally thought. Endosymbiosis should result in lateral gene transfer (Martin et al., 1998) . ' 'You are what you eat,'' wrote Doolittle (1998) , when it comes to gene donations from organelles. However, how long will you be what you eat is still a question. If most protozoa once acquired some plastid sequences and subsequently evolved into metazoa (including mammals), a few nuclear-localized plastid-like DNA (nupDNA) fragments may be reserved even in higher animals. In this paper, we analyzes nupDNA fragments in protozoa, metazoa and fungi, suggesting that some plastid-originated sequences may be preserved in animals and fungi over 1000 million years (Myr) till now.
Methods
Complete sequences of Oryza sativa (X15901), Marchantia polymorpha (X04465) and Porphyra purpurea (U38804) chloroplast genomes were retrieved from GenBank. Using these sequences as query sequences, BLASTN searches were made for 42 eukaryotic genomes ( Table I ). Considering that most of the sequences selected are derived form different species, E-values lower than 0.001 were defined as nupDNA fragments with biological meaning (Altschul et al., 1997) . The redundancy of nupDNA fragments in overlapping regions of contigs was checked with information from the physical map of each species, if available. Short nucleotides repeat sequences were also filtered out. When estimating the total length of the nupDNA fragments in each species, the calculations were simplified by summing the lengths of the chloroplast genomic regions corresponding to individual nupDNA fragments. The number of intermingled nupDNAs was counted as the ones that contained discontinuous nupDNAs.
Then (Altschul et al., 1997) . The redundant sequences were filtered out. The results were simplified by summing the lengths of matches for each species.
Results

Plastid-like DNA fragments in eukaryotes without plastids
To evaluate the abundance of nupDNAs in eukaryotes who do not have plastids, we used Oryza, Marchantia and Porphyra chloroplast genomes as query sequences to search nupDNAs in 40 protozoa, metazoa and fungi nuclear genome databases, whose genome projects are almost complete at present. We identified Ͼ 270 candidate sequences for each plastid BLASTN (Altschul et al., 1997) with biological meaning and E-values of 0.001. (Considering that most of sequences selected are derived form different species, E-values lower than 0.001 were used. Redundant candidate sequences were excluded, if physical map informations of contigs are available). The combined length of these fragments in each species is shown in Table I . Lengths of nupDNA fragments in eukaryotes without plastid usually ranged from 30 bp to 300 bp, and some E-values were less than 1 ¥ 10 -10
. None of the 40 selected eukaryotic genomes exceed 4000 Mb. DNA only contains the four bases A, G, C, T. Therefore, a maximum 16 bp (log 4 4 ¥ 10 9 ) fragment for a certain sequence could be found only by chance. 30Ð300 bp nupDNA fragments with such high similarity acquired by BLAST researches should not be randomly found sequences. Furthermore, there is no common fragment that can be found in all the eu-karyotic genomes, which rule out the possibility that these candidate sequences are not real plastid fragments but have significant sequence similarities in all organisms. For example, a 90-bp ATP synthase α subunit fragment (E = 1 ¥ 10 Ð12 in Caenorhabditis briggsae) was found in only 10 of 18 mammal/animal nuclear genomes. Another 198-bp ATP synthase subunit fragment (E = Fig. 1 . Frequency of the appearance of nupDNA fragments throughout chloroplast genomes. The chloroplast genomes were divided into 100-bp segments. The numbers of nupDNA fragments corresponding to individual segments are shown by histograms. The Oryza or Marchantia chloroplast genome is double-stranded circular DNA, which contains two copies of an identical inverted repeat (IRa and IRb) separated by a large single-copy region (LSC) and a small single-copy region (SSC). The Porphyra chloroplast genome contains two copies of an identical direct rDNA repeat (DR). The black boxes in-8 ¥ 10 Ð22 in Apis mellifera) was found in Apis mellifera and Anopheles gambiae, but not in the other 16 mammal/animal nuclear genomes. 50-to 100-bp heat shock protein (HSP) fragments (E = 8 ¥ 10
Ð9
in Saccharomyces cerevisiae) was found in Saccharomyces cerevisiae, Candida glabrata, Schizosaccharomyces pombe and Encephalitozoon cuniculi, but not in the other 5 fungal genomes. If these sequences are common fragments or selectiondriven sequence convergences, then it is very difficult to explain why they distribute sporadically throughout the relative organisms. For most species compared with three plastids, most nupDNA fragments were found when Porphyra chloroplast genome was used as the query sequence. This is easy to explain, because Porphyra chloroplast genome is the biggest (191 kb) and most primitive one (Reith and Munholland, 1993) . Another trend is that protozoa contain more nupDNAs than animals/fungi and mammals, suggesting that nupDNA fragments were continually lost during evolution. It is interesting that significantly long nupDNAs exist in Anopheles (a kind of mosquito). The combined length of nupDNA fragments in Anopheles is Ͼ 1.5 kb, constituting 0.001% of the Anopheles genome. This could not happen only by chance.
Distribution of nupDNAs throughout plastid genomes and eukaryotic genomes
We investigated the distribution of nupDNA fragments on nuclear and original plastid genomes. For the rice genome (used as a control genome), nupDNA fragments originated from every part of the chloroplast genome at a similar frequency ( Fig. 1A ; on average, 6.7 times from singlecopy regions), suggesting that transfers and inte- grations into the nuclear genome occur almost equally throughout the rice chloroplast genome (Matsuo et al., 2005) . However, fewer nupDNA fragments can be found in 40 eukaryotic genomes, and the expected numbers of nupDNAs throughout each plastid are only about 0.2 (0.4 times from repeated regions), if they originated from each chloroplast with equal frequency (Figs. 1BÐD) . Although nupDNAs of 40 eukaryotic genomes are distributed throughout all parts of the plastid genome, they have some gene-transfer-hotspots, contrasting to gene transfers in the rice genome. Fragments in repeated regions (whether inverted repeat or direct repeat) prefer to transfer and integrate into the nuclear genome with higher frequencies. These regions usually encode rRNAs. About 20% of nupDNAs are rDNA fragments (see Fig. 2 ). The black boxes in Fig. 1 indicate the chloroplast DNA segments of which copies are found in the corresponding mitochondrial genome. For the rice plastid genome, the number of rice nupDNA fragments tends to be a little higher for those boxed regions (Fig. 1A) . Notsu et al. (2002) suggested that mitochondrial genome might engulf plastid DNA and transfer it to the nucleus in flowering plants, which may frequently occur in rice. However, no such trend can be applied to nupDNAs in 40 eukaryotic genomes. On the contrary, for each mitochondrial genome of 40 selected eukaryotes, almost no similar nupDNA sequence can be found in each mitochondrion through BLAST search (data not shown). Thus, nupDNA fragments in 40 eukaryotic genomes may be transferred from the plastid and directly absorbed by the nucleus.
The integration sites on each genetic map (if available) were also investigated. NupDNA fragments are scattered throughout the chromosomes. We did not find any hotspot sites for whether long fragments or short fragments. This result is different to the findings in rice that large nupDNAs preferentially localize to the pericentromeric region of the chromosomes (Matsuo et al., 2005) . It also can be easily explained that after over 500 million years only a few nupDNA fragments have been reserved, and the distribution pattern was eliminated.
Possible origination of nupDNAs
To see the origination of these nupDNA fragments, we compared nupDNAs in protozoa, metazoa and fungi with 66 bacterial genomes. Considering that mitochondrion also originates from a prokaryotic organism and continually transfers genes to the nucleus (Adams et al., 2000) and there are a lot of genes common to mitochondria and plastids, it is also necessary to rule out the possibility that these nupDNAs are mitochondrion-originated sequences. The comparison results are shown in Fig. 3 . Rice plastid genome was used as a control sequence to compare with the rice mitochondrial genome (a very large mitochondrial genome, 491 kb; Notsu et al., 2002) , Reclinomonas americana mitochondrial genome (one of the most primitive mitochondrial genomes, 69 kb; Kurland and Andersson, 2000) , three cyanobacterial genomes (putative ancestors of plastids; Martin et al., 2002) , three Rickettsiales genomes (putative ancestors of mitochondria; Kurland and Andersson, 2000) and other 60 bacterial genomes. Except for the rice mitochondrial genome (also see Fig. 1A , Fig. 3 . Similarity of Oryza plastid genome sequence and nupDNA fragments in protozoa, metazoa and fungi to Reclinomonas and Oryza mitochondrial genomes, Rickettsia, Ehrlichia, Wolbachia, Nostoc, Prochlorococcus, Synechocystis genomes and other 60 bacterial genomes. The similarities were simplified by summing the lengths of matches when BLAST was used at E value threshold 0.001. Green columns indicate the longest combined lengths of nupDNA fragments in 60 selected bacterial genomes (see Methods). the reason has been discussed above), rice plastid genome is most similar to cyanobacterial genomes, especially the genome of Nostoc, which is the most possible ancestor of the plastid (Martin et al., 2002) . For nupDNAs in protozoa and fungi, a similar pattern was seen and the longest homologues were found in cyanobacterial genomes. It is difficult to judge whose genome is more similar with metazoa nupDNAs. This may be due to the predilection of nupDNAs in metazoa. A large part of metazoa nupDNAs are ATP synthase fragments (Fig. 2) , which may deviate BLAST comparison. Besides two mitochondrial genomes, nupDNAs in each species were also compared with their own mitochondrial genomes. Usually few homologues can be found in these comparisons (data not shown). In summary, nupDNA fragments in protozoa, metazoa and fungi have the same origination with modern chloroplasts. They should not originate from ancient mitochondrial genomes, not their own mitochondrial genomes, but cyanobacterial genomes. Through Fig. 1D as mentioned above, some fragments of genes unique to chloroplasts were also found, such as trnG, trnT and tufA, also suggesting that these nupDNAs more likely originate from ancient plastid/cyanobacterial genomes than mitochondrial genomes.
Functional analysis of nupDNA fragments
Functional analysis demonstrates that most nupDNA fragments in the nucleus are located on coding regions with very important functions. Due to limited information of gene functions of known genomes, we only analyzed functions of nupDNA fragments in 17 eukaryotic genomes (Fig. 2) . These sequences encode the ATP synthase α subunit, ATP synthase subunit, 5.8/23S rRNA, 18S rRNA, 28S rRNA, proteasome regulatory, heat shock protein, translation elongation factor, dehydrogenase, RNA polymerase, histidine-tRNA ligase and other unknown proteins. Although there are also a few sequences located on non-coding regions, they are usually parts of promoters of important genes. Therefore, these sequences also may be of important uses. As a whole, most nupDNA fragments can be fallen into four kinds: ATP synthase, heat shock protein and related proteins, rRNA and other functional sequences.
The functions of homologues in cyanobacterial genomes, plant plastids and eukaryotic genomes are in consensus. For example, fragments of ATP synthase and elongation factor Tu in all genomes have the same functions. Homologues of heat shock protein 70 fragments function as molecular chaperone DnaK in cyanobacterial genomes. Cell division protein fragments in cyanobacterial genomes function as ATP-dependent Zn proteases in plant plastids and as proteasome regulatory in eukaryotic genomes. Eukaryote and prokaryote have different ribosomes and different rRNAs. Therefore, 16S rRNA fragments in plastid and cyanobacterial genomes are used as parts of 18S rRNA in eukaryotic genomes. Similarly, 23S rRNA fragments are used as 5.8/23S or 28S rRNA in eukaryotic genomes. Here, a conclusion can be drawn that most nupDNA fragments conserved in the eukaryotic nucleus keep their original functions or are endued with similar functions. This is necessary. If the chloroplast DNA sequence is not functional in the nucleus, the rate of nucleotide substitution rate should be 4.0 Ð 5.6 ¥ 10 Ð9 /site per year (Ramakrishna et al., 2002; Matsuo et al., 2005) , and half-lives of nupDNAs should be 0.5 Ð 2.2 Myr (Matsuo et al., 2005) . Animals and plants diverged before 500 Myr (Kutschera and Niklas, 2004) . Therefore, non-functional plastid sequences in the nucleus should be eliminated or randomly substituted that no fragment could be found through BLAST search. Although the average length of the similar sequence stretches is about 100 bp, too short to be a complete protein-coding gene, but enough long for a functional region in a protein/rRNA. Chloroplasts have a prokaryotic codon, while eukaryota code proteins in their own way. Hence, it is not possibly that a complete plastid gene can be transferred into the nucleus which maintains its function. Reasonably, plastid-special genes are less likely preserved in the nucleus after millions of years, such as genes for photosystems or Calvin cycle enzymes. Once plastid DNAs are integrated into the nuclear genome, they are rapidly fragmented and vigorously shuffled, and a vast majority of them are eliminated within several million years (Matsuo et al., 2005) . Only a few short fragments of common functions (such as rRNA, ATP synthase, HSP) can be reserved and reused in the nucleus through billions of years. Selection on nupDNAs may not be strong at the beginning, since most of them should not be functional. However, a few fragments have been selected and utilized from thousands of transferred sequences during subsequent million years of constant selection. Then during formation and evolution of fungi and metazoa, these nupDNA fragments were continually lost. But the losses were unparallel, and different fragments have been persevered in different species.
Discussion
It is salient that E-values of a large part of nupDNA fragments found in our research are bigger than 10
Ð10
, and much of them are shorter than 100 bp. It cannot be affirmed that any piece of DNAs with an E-value less than 0.001 is a plastidoriginated fragment. Also we cannot completely exclude the possibility that some short nupDNAs with low threshold are deep paralogues of the plastid genes that retain high similarity. We used such a low threshold for BLASTN because the candidate nupDNAs transferred into the nucleus may be reserved millions of years and changed too much. With the E-value of 0.001, we can find more possible plastid-originated fragments. However, it is obvious that there are a lot of long nupDNA fragments with very high similarities in metazoa and fungi, which are most possibly real plastid-originated sequences, for instance, the 65-bp fragment in Gallus gallus (E = 1 ¥ 10 Ð8 ), 294-bp fragment in Anopheles gambiae (E = 2 ¥ 10 ). Furthermore, we know so little about the concrete contours of early eukaryote evolution (Embley and Martin, 2006 ) that one cannot just casually dismiss the possibility that the ancestral eukaryote possessed a plastid as absurd or otherwise out of the question. Through analysis of nupDNAs in eukaryotes without plastids, we propose as hypothesis that millions years of universal endosymbiosis and gene transfer may have occurred in ancient protists before divergence of plants and animals/ fungi.
Existent protists support universal endosymbiosis
Besides DNA sequence analysis, existent protists also support our hypothesis of anciently universal endosymbiosis. Plastid endosymbiosis is a common event once happened in all plant ancestors (McFadden, 2001) . Previously non-photosynthetic protest engulfed and enslaved a cyanobacterium. This eukaryote then gave rise to the red, green and glaucophyte algae. Some protists also engulfed an existing eukaryotic alga involving a secondary endosymbiotic event. The dinoflagellates have undergone tertiary (engulfment of a secondary plastid) and even quaternary endosymbiosis (Bhattacharya et al., 2003) . However, there are relatively few reports about endosymbiosis in protozoa. Trypanosoma and Leishmania were considered to have plastid in their evolutionary history (Martin and Borst, 2003) . However, only 200-to 600-bp nupDNAs were found in their genomes ( Table I ). Giving that except for Giardia lamblia all other 11 protozoa contain plastid sequences longer than 200 bp (Table I) , we estimate that probably over 90% of protozoa once had plastids through primary endosymbiosis or secondary endosymbiosis. Leander (2004) suggested that chloroplasts arose relatively recently within a specific subgroup of euglenids (relatives of trypanosomatid parasites). Okamoto and Inouye (2005) also demonstrated that a secondary symbiosis of green algae in a flagellate is in progress at present. These two instances indicate that plastid endosymbiosis is a common process in protists even under current natural conditions. Retrospecting to the Proterozoic era when eukaryotes emerged, universal endosymbiosis occurred. Heterotrophy may not prevail at that time (Kutschera and Niklas, 2004) .
Many protists adopted amphitrophy and temporarily contained some plastids, which may be like the flagellate Okamoto and Inouye observed. Hundred millions years later, some of the ancient protists evolved into protozoa, metazoa and fungi, and discarded plastids finally. However, there were also some protozoa reserved some plastid relicts, such as apicoplast in apicomplexa (Carlton et al., 2002; Abrahamsen et al., 2004; Gardner et al., 2005; Hall et al., 2005) and plate-like-chloroplast in Ochromonas danica (Semple, 1998) . Besides, a few protists still kept their ability of engulfing photosynthetic eukaryotes heretofore, such as Lotharella amoeboformis (Ishida et al., 2000) and the flagellate "Hatena" (Okamoto and Inouye, 2005) . From the first eukaryote naissance (1200 Myr ago; Butterfield, 2000) to the first metazoa appearance (570 Myr ago; Bengston, 1998) , ancestors of metazoa and fungi should have much chance to acquire plastids. That is to say, ancestors of metazoa and fungi should have enough time to acquire plastid fragments. ''You are what you eat,'' which means gene transfers from plastids, also happened in ancestors of metazoa and fungi. Now we come back the initial question "how long will you be what you eat?" Considering the nupDNAs in mammals, we estimate that it may be over 1000 Myr. Traditional view believes that plastid endosymbiosis only happened in ancestors of plants. But a lot of reports arising recently and our analysis of nupDNAs undermine this belief, and suggest that millions years of endosymbiosis and gene transfer occurred before the divergence of plants and animals/fungi.
Prospectively practical uses
It is notable that Anopheles and Aedes both are mosquitoes, however only Anopheles contains long nupDNA fragments. Anopheles is a vector of the Plasmodium that causes malaria (Holt et al., 2002) . As mentioned above, Plasmodium is a protozoon that has a highly reduced plastid (McFadden et al., 1996) . A plausible explanation is that Anopheles or an ancestor of Anopheles has a longtime contact with Plasmodium. During the course, apicoplast of Plasmodium transferred genes to nuclear then to Anopheles, or directly to Anopheles. Further investigation is needed to clarify this process. It is interesting that most eukaryotes who have long nupDNAs (Ͼ 1 kb) are harmful parasites or their transmitting vectors. These insights led to the discovery of some compounds that inhibit plantspecific pathways, much the way that herbicides do, also kill these parasites, and may suggest new targets for treating infections by these parasites (Fichera and Roos, 1997; Palenik, 2002) . However, a mass of efforts about functional analysis of plant-like proteins/rRNAs still needs to be done before practical use of the information of eukaryotic nupDNAs. Only 40 eukaryotic genomes have been analyzed in this paper. We believe that more nupDNA fragments could be identified in the future accompanying more genome sequences avail-
